Gabaculine (5-amino-1,3-cyclohexadienylcarboxylic acid), a transaminase inhibitor, also inhibits chlorophyll formation in plants, and the effect of this compound can be counteracted by 5-aminolevulinic acid (ALA) (Flint, personal communication, 1984). Since it is probable that ALA also serves as a precursor to phytochrome, the effects of gabaculine on phytochrome synthesis in developing etiolated seedlings were exam-
Growth and development of an etiolated seedling is accompanied by an increase in the level of photoreversible phytochrome, the chromoprotein that is the photoreceptor for many responses in plant photomorphogenesis. This apparent synthesis of phytochrome is paralleled by de novo synthesis of the phytochrome apoprotein, as shown by deuterium-density labeling techniques (19) . While substantive data do exist on the synthesis (and degradation) of the phytochrome protein, there is virtually no information on the biosynthesis of the phytochrome chromophore. Spectral evidence has suggested that the chromophore is a linear tetrapyrrole (23) , although only recently has the structure of the red-absorbing form of the pigment been rigorously elucidated (16) . The exact structure ofthe Pfr chromophore still remains unclear. A preliminary report (4) indicated that radioactivity from ['4CJALA2, a common precursor of porphyrins and bile pigments, was incorporated into photoreversible phytochrome; however, no technical details ofmethods or results were ever published.
It has been suggested (2) that the synthesis of ALA may be compartmentalized in plants, the ALA in mitochondria (and the cytoplasm?) coming from the condensation of glycine and succinyl CoA (the principal pathway in animals and bacteria) and the ALA in plastids from the intact carbon skeleton ofglutamate or a-ketoglutarate (the C-5 pathway). The intermediate steps in the formation ofALA from glutamate are not clearly understood. ' Present address: Biological Sciences Group U-42, University of Connecticut, Storrs, CT 06268.
2 Abbreviation: ALA, 5-aminolevulinic acid.
One suggestion (13) is that glutamate, via glutamate-l-P, is reduced to glutamate-1-semialdehyde, which undergoes an isomerization involving transamination to form ALA. Alternatively, glutamate may be converted to a-ketoglutarate, reduced to 4,5-dioxovalerate, and transaminated in the presence of an amino group donor such as L-alanine to form ALA (3, 14) . Gabaculine (5-amino-1,3-cyclohexadienylcarboxylic acid) is a natural product isolated from a culture filtrate of Streptomyces toyocaensis that has been shown to be an irreversible inhibitor of the mammalian enzyme y-aminobutyric acid-a-ketoglutaric acid transaminase (GABA-T) (15, 21 Levels of phytochrome in a developing seedling are not constant. As an etiolated seedling begins to grow, phytochrome levels increase (8) . Levels of phytochrome also change in a light-grown plant during the daily light/dark cycle. When the seedling is exposed to red light, phytochrome is transformed to the Pfr form which is proteolytically degraded (7, 18) . Under continuous light, phytochrome levels reach a steady state when the rate of degradation equals the rate of synthesis (20, 22) . The rate of phytochrome synthesis appears to be unaffected by light. When the plant is returned to darkness, phytochrome again begins to accumulate (20) .
In this report we address three questions. At the end of 7 d, the plumules of the plants that had been transferred to the light were excised and extracted in acetone, and their Chl content was determined by the procedure of Arnon (1). The epicotyl hooks of the seedlings that had been kept in the dark were excised, the plumules were discarded, and the phytochrome content of the hook tissue was measured in vivo using a dual wavelength spectrophotometer as described previously (1 1). The experiments shown here were duplicated with similar results, and several similar experiments with slightly differing protocols were also carried out.
Peas-Phytochrome Resynthesis after Destruction. Preemergence Application. In control experiments, pea seeds were soaked in 85 ml Hutner's medium (9) for 3 h, planted in Jiffy Plus Potting Mix (Jiffy Products of America, West Chicago, IL) in 40 x 80 mm crystallizing dishes, and grown in the dark for 7 day at 27°C and 80% RH. For gabaculine treatment, the compound was dissolved in the Hutner's medium and, after seed soaking, the treatment solution was combined with the potting mix prior to planting.
Phytochrome destruction and resynthesis were achieved by the protocol of Clarkson and Hillman (5 The effect of gabaculine on phytochrome synthesis is shown in Table II . Whether expressed on a per plant or a fresh weight basis, 0.6 mM gabaculine inhibited the formation of 80 to 90% of the photoreversible phytochrome.
Inhibition of Phytochrome Resynthesis after Destruction. The experiment in Table II indicates that the Chl biosynthesis inhibitor gabaculine is capable of inhibiting the increase in phytochrome content that occurs upon germination and development of an etiolated seedling. Net phytochrome synthesis also occurs when a plant is returned to the dark following light-induced destruction. The experiment in Figure 1 was carried out to determine whether this phytochrome 'resynthesis' is also subject to inhibition by gabaculine. As observed by Clarkson and Hillman (5), in pea seedlings the absolute level of phytochrome must fall below a certain critical level before resynthesis occurs. Reduction to this level was achieved by three successive cycles of 15 min red light/105 min dark. This sequence of irradiations caused significant destruction and, after the plants were returned to the dark, resynthesis increased the measurable photoreversible phytochrome to 70% of the initial dark level (Fig. 1, -) . Gabaculine at 1 mm completely inhibited phytochrome resynthesis as well as the initial phytochrome synthesis in the dark (Fig. 1,.....) .
Because of the mode of application of the compound in the experiments just described, it is not possible to separate the effect on initial synthesis from that on resynthesis. (Perhaps the initial inhibition of ALA synthesis resulted in a phytotoxic 'shock' that secondarily affected phytochrome resynthesis.) Therefore, etiolated pea plants containing normal levels of phytochrome were sprayed with gabaculine 1 h prior to the red light treatments leading to destruction and subsequent resynthesis. Under these conditions, gabaculine clearly inhibits phytochrome synthesis (Fig. 2) . Furthermore, the inhibition appears to be concentrationdependent. After 48 h in the dark, the plants sprayed with 1 mm gabaculine had 55% of the phytochrome of the control whereas the plants treated with 3 mm gabaculine had only 14% of the control levels.
Inhibition of Phytochrome Synthesis in Corn Seedlings. Since gabaculine showed broad-spectrum herbicidal activity with symptoms of lack of Chl, it would be expected that this compound could also inhibit phytochrome synthesis in a broad range of species. The compound was tested in etiolated corn seedlings at 0.3, 1.0, and 3.0 mm, and inhibited both phytochrome and Chl formation (Fig. 3) . As was observed in the case of pea seedlings (Tables I and II) , the degree of inhibition of Chl biosynthesis in corn coleoptiles was greater than the degree of inhibition of phytochrome formation.
Inhibition of Phytochrome Synthesis in Oat Seedlings. The effect of gabaculine in etiolated oat seedlings is similar to that in corn. At I mM gabaculine, the phytochrome content of treated oat shoots was 55% of the control (0.90 A(AA)/g fresh weight compared with 0.161 A(AA)/g fresh weight). As in the case of the other species, the degree of inhibition of Chl biosynthesis (to 20% of the control) was greater than that of phytochrome.
DISCUSSION
The fundamental importance of these experiments is that both initial synthesis and resynthesis of phytochrome require de novo synthesis of chromophore as well as apoprotein, and this synthesis of chromophore is dependent on the synthesis of ALA. From the point of view of biosynthetic regulation, these inhibitors of ALA biosynthesis provide a valuable probe for examining the relationship between the phytochrome chromophore and its apoprotein. One obvious question that can be addressed is what happens to apoprotein synthesis under the conditions of Figure  2 ? This is especially interesting in view of the recent finding that phytochrome controls the level of its own messenger RNA (6) .
The results indicate that the bulk of the phytochrome chromophore synthesized in etiolated peas, corn, and oats shares a common pathway with Chl. However, there is a quantitative discrepancy between the effects in Tables I and II. In the presence of gabaculine, less than 1% of the control level of Chl was synthesized, whereas 10 to 20% of the phytochrome was still measurable. There are at least three explanations for the presence of this amount of phytochrome. The first, and most likely, is that the 10 to 20% represents phytochrome chromophore that already existed in the dry seed prior to imbibition. Many seeds have measurable levels of phytochrome, and many seeds show phytochrome control of germination (see 24 for review.) Second, it is possible that phytochrome synthesis more effectively competes for available ALA than does Chl synthesis. The third possibility is that a small portion of the phytochrome is made by the classical ALA synthetase from glycine and succinyl CoA. This could be examined by measuring incorporation of radioactivity into phytochrome from glycine specifically labeled in the C-2 position. (The carboxyl carbon of glycine is lost as CO2 in the synthetase reaction.) This experiment would also be a definitive test as to whether gabaculine is specific for the C-5 pathway.
Given the literature cited above, these data imply that the bulk of the newly synthesized phytochrome chromophore is manufactured in the plastid. This conclusion is consistent with the observations of Grombein et al. (12) that under conditions following phytochrome destruction in the light, reappearance of photoreversibility in the dark occurred primarily in the subcellular fraction enriched for plastids and not in the mitochondrial fraction.
The general argument appears valid that a transaminase inhibitor of ALA synthesis also inhibits both initial synthesis and resynthesis of phytochrome in a range of species. In the course of this work, other classes of Chl inhibitors were also examined for their effects on phytochrome content. Levulinic acid and 4,6-dioxoheptanoic acid (2, 17) , inhibitors of ALA dehydratase, often inhibited Chl formation in our systems at high concentrations, and occasionally this response was associated with an apparent inhibition ofphytochrome biosynthesis. But the results with these compounds were extremely variable, and clear cut inhibitory effects were accompanied by relatively high phytotoxicity. In contrast, gabaculine inhibited phytochrome formation quite reproducibly at concentrations that caused few other morphological abnormalities than lack of Chl.
The activity of gabaculine allows us to address a central question in the control of growth and development by phytochrome: are phytochrome responses controlled by the absolute level of the pigment (or Pfr) or are they controlled solely by the photostationary equilibrium? In other words, what are the physiological consequences of the inhibition of phytochrome synthesis? Since in the natural environment plants are exposed to white light containing roughly equivalent proportions of red and farred, there is a constant balance between destruction and resynthesis, and the experiments here suggest that this resynthesis requires new chromophore synthesis. Experiments are now underway to determine the effect of gabaculine on physiological responses to phytochrome photoconversion.
